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http://www.frontiersinzoology.com/content/10/1/24RESEARCH Open AccessAnatomy and development of the larval nervous
system in Echinococcus multilocularis
Uriel Koziol1,3, Georg Krohne2 and Klaus Brehm1*Abstract
Background: The metacestode larva of Echinococcus multilocularis (Cestoda: Taeniidae) develops in the liver of
intermediate hosts (typically rodents, or accidentally in humans) as a labyrinth of interconnected cysts that infiltrate
the host tissue, causing the disease alveolar echinococcosis. Within the cysts, protoscoleces (the infective stage for
the definitive canid host) arise by asexual multiplication. These consist of a scolex similar to that of the adult,
invaginated within a small posterior body. Despite the importance of alveolar echinococcosis for human health,
relatively little is known about the basic biology, anatomy and development of E. multilocularis larvae, particularly
with regard to their nervous system.
Results: We describe the existence of a subtegumental nerve net in the metacestode cysts, which is
immunoreactive for acetylated tubulin-α and contains small populations of nerve cells that are labeled by
antibodies raised against several invertebrate neuropeptides. However, no evidence was found for the existence of
cholinergic or serotoninergic elements in the cyst wall. Muscle fibers occur without any specific arrangement in the
subtegumental layer, and accumulate during the invaginations of the cyst wall that form brood capsules, where
protoscoleces develop. The nervous system of the protoscolex develops independently of that of the metacestode
cyst, with an antero-posterior developmental gradient. The combination of antibodies against several nervous
system markers resulted in a detailed description of the protoscolex nervous system, which is remarkably complex
and already similar to that of the adult worm.
Conclusions: We provide evidence for the first time of the existence of a nervous system in the metacestode cyst
wall, which is remarkable given the lack of motility of this larval stage, and the lack of serotoninergic and
cholinergic elements. We propose that it could function as a neuroendocrine system, derived from the nervous
system present in the bladder tissue of other taeniids. The detailed description of the development and anatomy of
the protoscolex neuromuscular system is a necessary first step toward the understanding of the developmental
mechanisms operating in these peculiar larval stages.
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The metacestodes of Echinococcus multilocularis and
Echinococcus granulosus are the causative agents of alveo-
lar and cystic echinococcosis (AE, CE), respectively. These
larvae develop from onchospheres after oral ingestion of
infectious eggs by their natural intermediate hosts (ro-
dents for E. multilocularis and different ungulate species
for each lineage of the E. granulosus species complex), but
humans can also serve as accidental intermediate hosts.* Correspondence: kbrehm@hygiene.uni-wuerzburg.de
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reproduction in any medium, provided the orMost commonly, metacestode growth occurs in the liver
(especially in the case of E. multilocularis), but other par-
enteral sites can also be infected. AE is one of the most
dangerous zoonotic diseases in the Northern Hemisphere,
while the more widely distributed CE is a neglected trop-
ical disease of both medical and veterinary importance [1].
Echinococcus metacestode larvae consist of fluid-filled
cysts, that are covered by an acellular laminated layer.
Within the cysts, the cells are organized as a thin layer,
the germinal layer or “germinal membrane”, that is jux-
taposed to the laminated layer. This layer consists of
several cell types such as tegumental cells, which com-
pose the tegumental syncitium that covers the cyst’std. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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types have been described within the germinal layer, in-
cluding glycogen storing cells, calcareous corpuscle cells,
cells forming the excretory ducts (and in the case of
E. granulosus also flame cells), muscle cells and undiffer-
entiated stem cells [2-5]. In the case of E. granulosus,
each larva grows typically as a single cyst, whereas the
E. multilocularis metacestode proliferates as a labyrinth
of small interconnected vesicles, that infiltrates the tis-
sues of the host.
Within the cysts, brood capsules are formed from the
germinal layer. These are vesicular structures, with a cavity
lined by a tegumental syncytium (that is, with the opposite
polarity to that of the cyst wall, in which the tegumental
syncytium covers the external side). Two theories have been
proposed for the mechanism of formation of the brood cap-
sules, based on histological and electron-microscopical in-
vestigations: that they are formed by cavitation of a solid
mass of cells that accumulates as a bud in the germinal
layer [2,6], or by invagination and posterior constriction of
a thickened region of the germinal layer [7,8].
Within the brood capsules, protoscoleces are formed,
which are the infective stage for the definitive hosts (ca-
nids). The protoscolex contains a scolex with four suckers
and an armed rostellum, already very similar in morph-
ology to the scolex of the adult worm. The scolex is invag-
inated, but after ingestion by the definitive host the scolex
evaginates and the protoscolex establishes in the intestine,
were it develops into the adult worm. The formation of
protoscoleces within the brood capsule has been described
by several authors [6-10]: initially, a small bud develops on
the inner side of the brood capsule wall, covered by the
brood capsule tegument, and grows into the brood capsule
cavity. Early during development, the rostellar primor-
dium can be distinguished at the tip of the protoscolex
bud, and later the primordia of the suckers become appar-
ent. Once the development of the rostellum and the
suckers is complete, the scolex invaginates into the poster-
ior body, which is now only connected to the brood cap-
sule by a thin stalk (however, the invagination of the
scolex before development is completed has also been de-
scribed [8,11]). The formation of multiple protoscoleces
within each cyst results in asexual multiplication in the
intermediate host, a process that is rare in cestodes but
relatively common within the family Taeniidae (genera
Taenia and Echinococcus [11-15]).
Few ultrastructural, histochemical or immunohistochemi-
cal studies have been conducted on the nervous system of
Echinococcus, resulting in a rather incomplete picture of its
morphology and development. The elements of the ner-
vous system have been best described for the adult form of
E. granulosus, by acetylcholinersterase histochemistry
(AChE HC) [16] and by immunohistofluorescence (IHF)
against 5-hydroxytryptamine (serotonin; 5-HT) [17], withsimilar but also complementary results (not all elements
could be described with each technique). Briefly, in the sco-
lex, it consists of two main lateral ganglia connected to each
other by transverse and ring commisures, two postero-
lateral ganglia, and a rostellar nerve ring and paired rostel-
lar ganglia. Ten longitudinal nerve cords run in the
strobila, that are interconnected by numerous trans-
verse commisures. Neurites emanate from the nerve
cords forming a subtegumental plexus innervating the
subtegumental musculature. In the protoscolex of
E. granulosus, the nervous system was partially de-
scribed by a pioneering IHF study using antibodies
against 5-HT and against mammalian neuropeptides
[18]. It was suggested that the nervous system was simi-
lar but simpler than that of the adult worm, with fewer
5-HT positive cells, and lacking for example the
postero-lateral ganglia. No detailed IHF study has been
performed with other neural markers for protoscoleces
of Echinococcus spp., no study has been conducted in
E. multilocularis and to the best of our knowledge, there
has been no study on the cyst wall of the metacestode.
In this work, we use phalloidin staining and IHF with
antibodies against several nervous system markers to de-
scribe the muscle and nervous systems in the germinal
layer and protoscolex of E. multilocularis. We provide evi-
dence for the first time of nerve cells in the germinal layer
of the cyst wall, and describe the development of the
muscle and nervous systems of the protoscolex during
asexual multiplication. Finally, we provide the most de-
tailed account of the neuroanatomy of the mature
protoscolex available to date.
Results
The muscle system in the cyst wall
Phalloidin staining revealed long muscle fibers in the
metacestode cyst wall, situated below the tegument, exter-
nal to all the nuclei of the cells of the germinal layer
(subtegumental muscle layer) (Figures 1, 2 and 3). The fi-
bers show no particular arrangement at a global level, but
locally bundles of parallel fibers can be seen. Muscle fibers
had been previously described by Transmission Electron
Microscopy (TEM) in the cyst wall of both E. granulosus
and E. multilocularis [2-4]. Larger vesicles show a denser
array of fibers and fiber bundles, especially in the case of
in vitro cultured vesicles, whereas smaller vesicles show
scarcer, isolated fibers. Fully mature vesicles obtained
in vivo become packed with protoscoleces and calcareous
corpuscles, with a very thin germinal layer that has few or
no muscle fibers (data not shown).
The nervous system in the cyst wall
Acetylated tubulin-α immunoreactivity (AcTub-IR) in the
cyst wall revealed a discontinuous nerve net of multipolar
cells, with perykarya sunken in the deeper levels of the
Figure 1 Muscle fibers in the germinal layer and during brood
capsule formation. All specimens stained with Phalloidin. A. Early
brood capsule development (bc, brood capsule; gl, germinal layer; h,
host tissue; ll, laminated layer). B. Brood capsules containing
protoscolex buds (ps). C. Brood capsules during late protoscolex
development. D. Whole-mount preparation showing an early brood
capsule seen from above (inset shows merge with DAPI staining).
Note the organization of the muscle fibers in the brood capsule
region. E. General arrangement of the muscle fibers in the
metacestode and brood capsules. A, B and C are sections from
in vivo cultured material; D and E are whole-mount preparations of
in vitro cultured material. Bars represent 50 μm.
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wards the subtegumental muscle layer, in many cases
contacting the neurites from other nerve cells (Figures 2
and 3A, 3B). Also, a smaller number of other AcTub-IR
nerve cells were found, with longer and much less
branched projections (Figure 2E). The neurites of these
cells run deeper in the germinal layer, below most of the
subtegumental muscle fibers.
The AcTub-IR nerve net was found in vesicles from both
in vivo and in vitro cultures, being most developed in larger
vesicles with a well developed muscle layer and a thicker
germinal layer, while in smaller vesicles fewer nerve cells
were apparent. Upon in vitro cultivation, the nerve net was
clearly observable in all vesicles, distributed throughout the
cyst wall. In in vivo generated material, the nervous system
was observable in some but not all the vesicles. Particularly,degenerating and fully mature vesicles, with a thin germi-
nal layer, showed few or no nervous elements. Also, in
very young and small vesicles, with a thin germinal layer
[6,10], muscle fibers were sometimes not apparent, and
the nerve cells were few, distributed in small patches in
the cyst wall. From whole-mount preparations of in vitro
cultured material, we estimated that AcTub-IR nerve
cells represented 0.2% to 1.9% of all cells in the germinal
layer.
The only cells labeled in the cyst wall with the anti-
body against AcTub were the nerve cells and some very
rare flame cells, which were only observed in material
from in vivo cultivation. These are easily distinguishable
from the nerve cells given their morphology (including
an AcTub-IR bundle of cilia or "flame", and a roundish
cell body that is also strongly AcTub-IR), and by their
co-staining with phalloidin in a basal ring surrounding
the bundle of cilia [19,20]. Their morphology is however
somewhat abnormal as compared to the morphology of
flame cells in the protoscolex, since the phalloidin ring
and the bundle of cilia are small and irregularly shaped
[Additional file 1]. AcTub-IR has also been described in
gland cells and glandular ducts in other flatworms (see
for example [21]), but because of the morphology of the
AcTub-IR cells in the cyst wall, we conclude that most,
if not all, the AcTub-IR positive cells that are not flame
cells correspond to nerve cells.
A small subpopulation of the cells in this nerve net
was revealed by FMRFa immunoreactivity (FMRFa-IR),
that was localized to a few nerve cells extending long,
varicose projections with little branching (Figure 3C).
Staining was seen in the nerve cell bodies and in the vari-
cose neurites. Similarly, RYamide immunoreactivity
(RYa-IR) and FVamide immunoreactivity (FVa-IR) was
revealed in even smaller numbers of nerve cells with
similar morphology, and in many cases only the nerve
projections were apparent, the perykarya being indistinct
(Figure 3D and data not shown).
Interestingly, no clear evidence was obtained for the
existence of serotoninergic or cholinergic nerve cells,
although 5-HT and acetylcholine are two of the best
characterized classical neurotransmitters in cestodes
[22], and both kinds of elements are detectable in the
protoscolex ([18]; see below). Only some (presumably
non-specific) 5-HT-immunoreactivity (5-HT-IR) was
observed surrounding the calcareous corpuscles (data
not shown). Furthermore, no acetylcholinersterase ac-
tivity was observed in the nerve cells by HC. Only some
very rare cells, apparently lacking projections, were
positive for acetylcholinesterase HC, and these were all
negative for AcTub-IR [Additional file 2].
The finding of a nervous system in the cyst wall was un-
expected, since it is a non-motile stage, and a nervous sys-
tem has never been described in previous ultrastructural
Figure 2 AcTub-IR in whole-mount preparations of the germinal layer. A. AcTub-IR nerve cells in the germinal layer (in vitro cultured cyst,
analyzed by confocal microscopy). B. Corresponding image of Phalloidin staining. C. Merge of AcTub-IR and Phalloidin staining combined to DAPI
staining. Notice the lack of AcTub-IR cell bodies in the brood capsule. D. AcTub-IR nerve cells in a very small vesicle obtained from in vivo culture,
containing only one brood capsule with a protoscolex bud (this image is a mosaic of three pictures and an overlay of several focal plains of
epifluorescence microscopy). E. Unusual AcTub-IR nerve cell with long, unbranched neurites (in vitro cultured material). Neurites from other nerve
cells are outside of the focal plane. Bars represent 50 μm.
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own TEM studies with in vitro cultured vesicles [Additional
file 3A, B]. In sections tangential to the cyst wall, we found
long, thin cellular projections, packed with microtubuli,
and in some cases containing mitochondria and some few
small electron-dense vesicles. We interpret these as the
projections of nerve cells. They are few, small, and ratherinconspicuous, possibly explaining why they have not been
previously described. We have found in rare occasions cell
bodies connected to such projections, which we identify as
the putative nerve cells, containing cytoplasm with numer-
ous free ribosomes and mitochondria, and with regions
packed with microtubuli in parallel arrays and occasional
vesicles [Additional file 3C].
Figure 3 AcTub-IR, FMRFa-IR and RYa-IR in sections of the germinal layer. A. multipolar AcTub-IR cell. Note the neurites projecting towards
the subtegumental muscle layer. B. Pseudounipolar AcTub-IR cell. C. FMRFa-IR in two cell bodies and their projections. D. RYa-IR in a nerve cell
body and projections in a tangential section of the germinal layer. A and B are confocal microscopy images from in vivo cultured material; C and
D are epifluorescence images from in vitro cultured material. Abbreviations are as in Figure 1. Bars represent 20 μm in A, B and 10 μm in C, D.
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Brood capsule formation begins as a compact, bud shaped
accumulation of cells in the germinal layer. By confocal
microscopy of whole-mounts and sections, we were able
to clearly confirm that the brood capsule forms from an
invagination of the germinal layer that is not accompanied
by the laminated layer [7] (Figure 1) [Additional files 4, 5and 6]. Furthermore, there is a reorganization of the
subtegumental muscle layer, as muscle fibers with a circu-
lar disposition accumulate surrounding the invagination.
Later, the base narrows, forming a stalk that connects the
brood capsule proper to the germinal layer, but even in
this and later stages this stalk is hollow and internally cov-
ered by muscle fibers, that are predominantly circular.
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thinner. Thus, the subtegumental layer of muscle fibers in
the cyst wall is continuous with the muscle layer in the
brood capsule stalk and wall. The muscle fibers in the di-
lated brood capsule do not initially show any particular ar-
rangement, but when the protoscolex bud emerges as a
thickening in the brood capsule wall, the muscles become
rearranged, showing a clear grid of longitudinal and circu-
lar muscles that extend from the brood capsule into the
developing protoscolex (see also below). The rest of the
brood capsule becomes a thin layer of germinal tissue as
protoscolex development proceeds, with sparser and less
organized muscle fibers.
We found no evidence of nerve cell bodies within the
brood capsule itself. However, AcTub-IR perykarya were
seen at the base of some brood capsules, and projections
from the nerve cells in the cyst wall sometimes entered
the base of the early brood capsules. No connection was
observed between the nervous system of the cyst wall
and the developing protoscolex.Figure 4 The muscle system of the protoscolex. A. Phalloidin staining o
section of the posterior body. C. Diagram showing the main groups of muscle
text for details. Abbreviations: dmf, deep muscle fibers connecting dorso-vent
subtegumental longitudinal muscle fibers, scmf, subtegumental circular musc
circular muscle fibers); R, rostellum, rm, radial muscles below the rostellar pad;
the rostellum. Asterisks mark several groups of muscle fibers connecting the sThe muscle system of the mature protoscolex
For the sake of clarity, we will first describe the muscular
and neural anatomy of the mature protoscolex, as ob-
served after evagination (Figures 4 and 5). The muscle sys-
tem was described by classical histological methods for
E. granulosus by Coutelen et al. [23], and our results are,
with few exceptions, comparable to theirs, so the muscula-
ture will be discussed only briefly.
The subtegumental muscle layer consists of a grid of
outer circular and inner longitudinal muscle fibers. The
longitudinal muscle fibers traverse all along the anteropos-
terior axis, from the rostellum to the stalk and excretory
pore, except for those fibers that are interrupted by the
suckers. The circular fibers are found throughout the body
except at the level of the suckers. Closely beneath the
subtegumental muscles of the scolex, there are groups of
muscle fibers projecting more or less radially from the
margin of the suckers, connecting each sucker to the
others and to the rostellum. Some of the muscles project
from the antero-medial border of one sucker, crossing thef a transverse section of the scolex. B. Phalloidin staining of a transverse
fibers in the scolex (left, frontal view; right, dorsal view). See the main
rally adjacent suckers; ilmf, inner longitudinal muscle fibers; S, sucker; slmf,
le fibers; stm, subtegumental muscles (referring to both longitudinal and
rmfs, radial muscle fibers connecting each sucker to the others and to
uckers to each other. Bars represent 50 μm.
Figure 5 AcTub-IR in the protoscolex. A. AcTub-IR in the nerve terminals in the surface of the protoscolex (confocal microscopy, merge of 3
optical sections). B. AcTub-IR in the nerve cell bodies and neurites below the sections shown in A (confocal microscopy, merge of 3 optical
sections). C. AcTub-IR cells and their projections in the internal sucker nerve ring (section). D. AcTub-IR cell bodies and their projections deep
within the scolex (section). E. Detail showing a nerve terminal penetrating and traversing the tegument (arrow). Asterisks mark flame cells.
(In panel BF, bright field microscopy is added to the merge of the fluorescence channels). Abbreviations: esr, external sucker ring; mnc, main
nerve cords; rc, coronae of neurites projecting from the rostellar ring; rr, rostellar ring; stm, subtegumental muscle layer. Bars represent 25 μm in
A, B, and D, 50 μm in C and 20 μm in E.
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sucker on the same side of the scolex. Other muscle fibers
emanating from the margin of the suckers, that are fixed
more anteriorly, also cross the midline and connect each
sucker to the diagonally opposite sucker, on the other side
of the scolex, while still other fibers connect each sucker
to the rostellum. Dorso-ventrally opposed suckers are
connected by fibers emanating from the lateral margin of
each sucker, but also by deep muscle fibers that are fixed
to their bases.
Deep in the parenchyma, there is a group of few but
prominent longitudinal fibers, connecting the rostellar pad
to the posterior of the protoscolex. These muscles are
probably associated with the invagination of the scolex.
The suckers themselves are complex muscular organs,
with circular fibers both at the opening of the sucker,
and also surrounding the wall of the sucker, forming a
grid with longitudinally oriented fibers. On the outer
face of the sucker, beneath the tegument, there is also a
grid of longitudinal and traverse muscles. The most im-
portant group of muscle fibers in the sucker are the per-
pendicular fibers, connecting the base and the outer face
of the sucker.
The rostellar pad, beneath the hooks, is similar in its
constitution to the suckers, being surrounded at its outer
wall by circular and longitudinal muscles, and with power-
ful perpendicular fibers connecting the base to the tip of
the pad.
Finally, there are numerous muscle fibers in the scolex
that are not so intricately organized, including dorso-
ventral fibers and transverse fibers. In particular, there is a
great accumulation of radial fibers beneath the rostellar
pad proper. These could be of importance for the evagin-
ation of this organ. Few other fibers can be seen in the
body of the protoscolex.The nervous system of the mature protoscolex
Patterns obtained with antibodies
The nervous system of the protoscolex was reconstructed
from confocal sections of whole mount material and minor
details were obtained from cryosections. AcTub-IR re-
vealed the perinuclear cytoplasm and the neurites of
nerve cells, as well as the body and cilia of the flame cells
(Figure 5), [Additional file 7]. Because of their morphology
and distribution in the nervous system, we conclude that
most of the cells labeled by AcTub-IR in the protoscolex,
excluding the flame cells, are nerve cells. The flame cells
possessed thin AcTub-IR protrusions projecting from the
cell bodies, that sometimes appeared to contact the nerve
cords. They were nonetheless easily distinguished from
nerve cells thanks to their characteristic morphology and
by the co-labeling with phalloidin at the base of the flame.
A large number of nerve cells were detected by thismethod, resulting in exquisite detail, but at the same time
obscuring in some instances the general layout of the ner-
vous system. The FMRFa-IR, on the other hand, strongly
stained all the main and minor nerve tracts in the scolex,
the nerve cords and connecting commisures, as well as
several minor projections from the nerve cords, giving the
best results for the reconstruction of the general layout of
the nervous system, although it was very difficult to
recognize the perikarya of individual nerve cells (Figure 6),
[Additional file 8]. The pattern of RYa-IR was essentially
indistinguishable to that obtained by FMRFa-IR, and
the pattern or FVa-IR was similar, except that IR was typic-
ally low in the nerve cords as compared to the scolex
[Additional file 9]. Finally, 5-HT-IR identified a small sub-
set of nerve cell bodies and their neurites, that follow the
main nerve tracts, the nerve cords, and some minor tracts
and projections (Figure 7). In combination, these markers
allowed for a detailed description of the nervous system of
the protoscolex.
Neuroanatomy
The nervous system in the scolex of the protoscolex of
E. multilocularis is very similar to that of the adult stage
of E. granulosus. All the main elements observed by 5-HT
IHF and/or acetylcholinesterase HC [16,17] were revealed
by AcTub and FMRFa IHF, as well as some minor ele-
ments and details not previously described.
Two lateral ganglia are situated in the scolex at the level
of the anterior border of the suckers. These contain nu-
merous AcTub-IR nerve cell bodies, but it was not pos-
sible to distinguish a distinct neuropile within the ganglia,
probably due to their small size. These ganglia are
connected by a main transverse commissure and by an an-
terior ring commissure; the main transverse commissure
displayed relatively low AcTub-IR, and in some FMRFa
and AcTub IHF preparations it appeared to be formed by
two individual commissures. From each lateral ganglion,
two connectives are emitted towards a rostellar nerve ring
at the base of the rostellar pad. These connectives are very
closely juxtaposed, and only distinguishable by reconstruc-
tion from confocal sections. One pair of dorsal and one
pair of ventral medial connectives also connect the anter-
ior ring commissure to the rostellar ring and are the con-
tinuations of the minor medial nerve cords (see below).
Each of these dorsal and ventral nerve pairs are further
connected midway to the rostellum by a short commis-
sure. Finally, a pair of dorso-ventral connectives, termed
the ‘X-commissure’ by Shield [21], directly connect the
dorsal and ventral medial nerve cords to the main trans-
verse commissure, resulting in a characteristic cross as
seen in cross-sections (Figures 6B, 6D).
The rostellar nerve ring itself appears as a smooth
FMRFa-IR ring and has numerous AcTub-IR bipolar
nerve cell bodies, that give rise to two coronae of long
Figure 6 FMRFa-IR in the protoscolex. A. General view of the protoscolex; merge of several focal planes of epifluorescence microscopy,
anterior is to the left. B. Diagram showing the main elements of the central nervous system in the scolex as identified by FMRFa-IR. C. Detail of
FMRFa-IR in the scolex, confocal projection of 10 um of optical sections with color-coded depth; the inset shows another projection of 10 um
thickness, deeper within the scolex, where the main transverse commissure can be seen. Anterior is to the left. D. Serial transverse sections
(from anterior to posterior), reconstructed from the confocal sections of C. Abbreviations: alnc, accessory lateral nerve cord; arc, anterior ring
commissure; esr, external sucker ring; isr, internal sucker ring; lg, lateral ganglia; lrc, lateral rostellar connectives; mlnc, main lateral nerve cords; mnc,
medial nerve cords; mrc, medial rostellar connectives; mtc, main transverse commissure; plg, postero-lateral ganglia; prc, posterior ring
commissure; rr, rostellar ring; rc, coronae of rostellar ring projections; x, x-commissure. Bars represent 50 μm.
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ternal corona surround the rostellar pad and reach the
apex of the rostellum where the hooks are inserted (this
region was denominated the ´rostellar cone´ by Galindo
et al. [24] , and is probably the precursor of the so-called
“rostellar gland” of the adult, composed by modified tegu-
mental cells with secretory properties [25]). The internal
corona is composed of neurites that reach and presumably
traverse into the rostellar pad. Within the rostellar pad it-
self few AcTub+ neurites or cell bodies are visible. There
seemed to be no indication of distinct lateral rostellar gan-
glia sensu Fairweather et al. [17], but rather the whole ros-
tellar nerve ring seemed to be ganglionic in nature.
To the posterior, the lateral ganglia emit two thick con-
nectives towards the postero-lateral ganglia, located at the
same level as the posterior border of the suckers. By
FMRFa-IR, the lateral ganglia, the thick connectives and
the postero-lateral ganglia appear as a continuous mass ofnervous tissue. The postero-lateral ganglia are connected
to each other by a posterior ring commissure. The two
main lateral nerve cords are born from the postero-lateral
ganglia, and each of them is accompanied by a dorso-
lateral and a ventro-lateral minor nerve cord, that are born
at the point where the posterior ring commissure fuses
with the sucker nerve ring (see below; Figure 6A, 6B;
Additional file 8).
Each sucker is surrounded at its base by an external
nerve ring, that fuses at its medial margin with the med-
ial nerve cords and at its anterior and posterior margins
with the anterior and posterior ring commisures.
The sucker nerve ring has numerous AcTub+ IR cells
projecting neurites that either surround the body of the
sucker and result in nerve terminals at its opening, or
go deep into the body of the sucker and connect to an
internal sucker nerve ring. AcTub-IR nerve cell bodies
are also present in this ring (Figure 5C), but only
Figure 7 5-HT-IR in the protoscolex. A. General view of the protoscolex. B. Detail of the scolex (different specimen). A and B are merges of
several focal planes of epifluorescence microscopy, anterior is to the top. C. Histogram showing the frequency of the abundance of 5-HT-IR nerve
cells per protoscolex. Abbreviations are as in Figure 6. Bars represent 50 μm in A, 20 μm in B.
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appear to be bipolar, and extend long neurites towards
the surface of the sucker.
In the posterior body, the five pairs of longitudinal nerve
cords are connected by transverse ring commissures,
forming a typical orthogonal plan [26,27], although the
neurites connecting each pair of adjacent nerves are not
completely aligned to each other. Along the main nerve
cords, the bodies of nerve cells can be distinguished by
AcTub-IR, FMRFa-IR, RYa-IR and 5-HT-IR (Figures 6A,
7A, Additional file 9C and data not shown). From these
cell bodies neurites extend towards the subtegumental re-
gion, where they form a peripheral plexus. Among the
AcTub-IR neurites, some of their terminals are located in
the subtegumental region, presumably innervating the
subtegumental muscles, while others traverse the tegument
and are therefore probably sensory terminals (such as those
previously described by TEM in E. granulosus adults by
Morseth [28]; Figure 5E). There are many medial AcTub-IR
neurites, that make the medial nerve cords untraceable with
AcTub-IR (but they are readily distinguished by IR to the
other antibodies). In the scolex, the nerve terminals of the
peripheral plexus are very densely distributed (Figure 5A).
Throughout this description, 5-HT-IR was scarcely
mentioned because of the similarity to previous results in
E. granulosus adults [17]. An important distinction, how-
ever, lies in the number of 5-HT-IR nerve cells observed.
We observed that although the positions of the 5-HT-IR
cells were relatively fixed, the number of cells in each pos-
ition and the total number in each protoscolex showed
some variation. This variation occurred in completelymature protoscoleces, as judged by the morphology of the
suckers and the rostellum, and also by the low levels of cell
proliferation as determined by 5-ethynyl-2′-deoxyuridine
(EdU) incorporation assays (U. Koziol and K. Brehm, un-
published results; see [29]). 5-HT-IR nerve cell bodies were
located in the rostellar nerve ring (mode = 3, range = 2–4),
in each lateral ganglion (mode = 1, range = 1–2), on the re-
gion of the anterior commissure (mode = 1, range = 0–3),
in each postero-lateral ganglion (mode = 2, range = 1–3),
on the main lateral nerve cords (mode = 2, range = 1–3)
and rarely on the medial nerve cords (mode = 0, range =
0–2) (Figure 7). More rarely, we observed ectopically posi-
tioned 5-HT-IR nerve cell bodies (e.g. between nerve
cords). The total number of 5-HT-IR cells was therefore
variable, with an average of 15.2 cells per protoscolex (n =
74), and the majority had between 14 and 17 5-HT-IR cells
(Figure 7C). This was the case for both GH09, an isolate
kept by intraperitoneal serial passage in M. unguiculatus
for 3 years (average = 15.3 5-HT-IR cells / protoscolex), as
for J2012, that had only been passaged for 6 months (aver-
age = 15.2 5-HT-IR cells / protoscolex; n = 37 for each iso-
late). This indicates that this variation is a typical feature of
the E. multilocularis protoscolex and not an abnormal
characteristic of a specific laboratory isolate.
The development of muscle fibers and the nervous
system in the protoscolex
IR patterns obtained with each antibody during
development
Phalloidin staining revealed the development of the
muscle fibers throughout protoscolex development. In
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from early stages of development, clearly labeling the cell
bodies of nerve cells, and later the projections from these
cells. FMRFa-IR was detectable either at the same stages
of development as 5-HT, or usually slightly later, showing
similar patterns. Finally, AcTub-IR appeared relatively late
during development, only in those regions of the nervous
system that could be previously detected by the other anti-
bodies. However, a greater number of nerve cells could be
detected at this point with this antibody.
Developmental stages
We have adopted the staging system of Leducq and
Gabrion [7] for describing the development of the
protoscolex. In stage 1, the initial protoscolex bud appears
in the wall of the brood capsule, without any external dis-
tinctive features. Already at this stage, there is a well de-
fined grid of longitudinal and circular subtegumental
muscles [Additional file 10], that continue into the wall of
the brood capsule, and several transverse muscle fibers. It
is at this stage that 5-HT-IR appears, as a pair of 5-HT
positive cells close to the tip of the bud, without any pro-
jections except that they are connected to each other by a
short commissure (Figure 8A). Rarely, faint FMRFa-IR also
appears in a pair of cells in a similar position (Figure 8A).
These cells mark the beginning of the development of the
rostellar nerve ring. The development of the nervous sys-
tem then proceeds towards the posterior, resulting in a de-
velopmental gradient along the antero-posterior axis.
In stage 2, the rostellar primordium becomes apparent
at the tip, composed of an apical rostellar bulb, that will
differentiate into the muscular rostellar pad, and a fold
(the prebulbar region) at its base. Some of the deep longi-
tudinal muscle fibers can already be seen at this stage.
[Additional file 11]. The nerve cells in the developing ros-
tellar ring form anterior projections towards and into the
rostellar bulb, and in some cases 5-HT-IR and FMRFa-IR
cells can be seen at this and later stages within the rostel-
lar bulb (however, these probably become relocated later
during development since no such cells were observed in
the mature rostellar pad). At the same time posterior pro-
jections are formed towards the developing lateral ganglia,
in which some 5-HT-IR cells with varying labeling inten-
sity can already be seen, already connected by the main
nerve commissure (Figure 8A), [Additional file 11]. The
longitudinal nerve cords cover part of the antero-posterior
axis. Sometimes supernumerary 5-HT-IR cells or positive
cells with atypical positions can be seen (Figure 8A). The
fate of these cells is not clear; presumably these are elimi-
nated or relocated later in development. The FMRFa-IR
pattern closely matches the 5-HT-IR, except that it ex-
tends more posteriorly in the developing longitudinal
nerve cords (Figure 8A). No AcTub-IR is usually seen at
this stage.In stages 3 to 4, the region that will become the scolex
becomes distinct from the posterior body, and cells begin
to accumulate at the site where the suckers will be devel-
oped. At the same time, the histogenesis of the hook be-
gins at the side of the prebulbar fold. At these stages, the
rostellar ring and its coronae, the lateral ganglia, the main
transverse commissure and the anterior ring commissure
are clearly evident by 5-HT and FMRFa IHF, and weakly
5-HT-IR cells can be seen at the position of the postero-
lateral ganglia (Figure 8A). The main lateral nerve cords
are seen extending posteriorly and the anterior portion of
the medial nerve cords is also distinct. At this point,
AcTub-IR brightly labels the cells of the rostellar nerve
ring and the coronae of rostellar projections, directed to-
wards the bulb (internal corona) and the prebulb (external
corona) (Figure 8B).
In stages 5 to 6, the development of the suckers and
their associated muscles and nerve rings proceeds. At the
same time, the folds of the rostellar prebulb, carrying the
developing hooks, grow and engulf the rostellar bulb, co-
alescing over it. Therefore, the rostellar bulb becomes
sub-apical, with the hooks and the prebulb covering it as
is found in the mature rostellum. At this point minor con-
nectives and commissures in the scolex are developing,
and the postero-lateral ganglia and the posterior ring com-
missure are well formed. FMRFa-IR labels the main nerve
cords all the way towards the posterior of the protoscolex
soma; 5-HT-IR usually labels the cords only to a more an-
terior position, but positive cells can already be found on
the main nerve cords. Finally, at stage 7 the development
is complete and the scolex lies invaginated within the pos-
terior body.
Discussion
This work represents the first detailed description of the
nervous and muscle systems in the development of the
post-onchosperal larvae of Echinococcus, including the first
description, to the best of our knowledge, of nervous ele-
ments in the germinal layer of the metacestode. The pres-
ence of muscle fibers and nerve cells in the germinal layer
of the metacestode is intriguing, since this larval stage is a
non-motile cyst. However, possible functions for these sys-
tems can be hypothesized. In the case of the muscle sys-
tem, the accumulation of circular fibers around the
invaginating brood capsule suggests that they could be in-
volved in the mechanism of invagination and in the con-
striction of the stalk. Furthermore, the muscle layer in the
cyst wall is continuous to that of the brood capsule and the
protoscolex. In the case of the nervous system, although
the projecting neurites of the nerve cells are in close ap-
position to the muscle fibers, a myoregulatory role seems
improbable, given the lack of motility and the absence of
serotoninergic and cholinergic elements (which are the
best characterized myomodulatory neurotransmitters in
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dependent from that of the developing protoscolex,
suggesting that it would not serve as a scaffold for the de-
velopment of the protoscolex nervous system. An attractive
hypothesis is that it could represent a neuroendocrine sys-
tem, secreting factors that regulate the development of the
metacestode. Relatedly, possible neuroendocrine secretoryFigure 8 Development of the protoscolex nervous system. A. 5-HT-IR
Abbreviations are as in Figure 6 and sp, sucker primordium. The asterisk ma
mtc. Note also some supernumerary 5-HT-IR cells with low signal levels nex
S1, S2, S3, S4 are stages 1 to 4, respectively. Bars represent 20 μm.terminals have been described at the ultrastructural level in
the nervous system of cestodes [31], and in free living flat-
worms there are several lines of evidence suggesting a role
of the nervous system in regulating cell proliferation
and pattern formation during asexual reproduction and
regeneration [32,33]. In other systems, muscle fibers or
myofibroblasts can also be a source of growth factorsand FMRFa-IR in the early stages of protoscolex development.
rks a 5-HT-IR cell in an unusual position, perhaps in the developing
t to the lateral ganglia. B. AcTub-IR in late protoscolex development.
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superjacent epithelia [34,35]. If such a role was demon-
strated for the neuromuscular system in Echinococcus
cysts, it would open new areas for drug research targeting
these signaling systems, offering a potential link to many
present efforts targeting the neuromuscular system in
trematodes [36].
The nervous and muscle systems in E. multilocularis are
probably homologous to those present in the motile blad-
der tissue from Taenia spp., although modified because of
the lack of motility in Echinococcus cysts. Indeed, the lim-
ited reports regarding the nervous system in the bladder of
Taenia spp. indicate that RFamide-IR and acetylcholin-
esterase positive (AChE+) fibers are present [37,38]. Fur-
thermore, we have confirmed the presence of FMRFa-IR,
AcTub-IR and AChE+ elements in the bladder tissue of
in vitro cultured Taenia crassiceps, together with a well or-
ganized grid of subtegumental longitudinal and circular
muscles [Additional file 12].
In another publication [39] we performed a bioinfor-
matic search for neuropeptide-encoding genes in the ge-
nomes of E. multilocularis and other cestodes, finding
several genes that showed significant expression in the
germinal layer (as determined by high throughput RNA
sequencing and RT-PCR). It is thus possible that some of
these neuropeptides are expressed in the nerve net of the
germinal layer.
Surprisingly, there is no AcTub-IR during the early de-
velopment of the protoscolex nervous system, which is at
odds with the occurrence of AcTub-IR in pioneer neurons
during the development of many metazoans [40-43]. It
seems that in the case of E. multilocularis, tubulin-α acetyl-
ation occurs only at late stages of neurogenesis. Interest-
ingly, 5-HT and FMRFa-IR were detected from very early
time points, even in young nerve cells with few short pro-
jections. Similar results have been described in the devel-
opment of other invertebrates [44-46], and the early
expression of neurotransmitter molecules could have regu-
latory roles during the development of the nervous
system [47-49].
This description of the nervous system in the scolex is
the most detailed to date, benefiting from the use of sev-
eral different markers in combination with confocal mi-
croscopy. In particular, the use of AcTub-IR resulted in
great detail, and allowed us to identify large numbers of
nerve cell bodies not previously detectable with 5-HT
-IR, AChE HC or IR against mammalian neuropeptides
[16-18]. Prominent examples of this include the rostellar
ring, which appears as fully ganglionic by AcTub-IR
(whereas it appeared to be composed of two individual
ganglia by 5-HT-IR) and the inner sucker nerve ring,
that has numerous AcTub-IR cell bodies but that was
only described as a network of nerve processes in previ-
ous studies [17,18]. On the other hand, FMRFa-IR gavethe best results for the reconstruction of the general lay-
out of the nervous system, and for tracing the main
commisures and connectives. Indeed, it allowed the de-
tection of all nervous elements previously described
from 5-HT-IR and/or AChE HC, together with fine de-
tails not previously described [Additional file 13].
Once the development of the nervous system is complete
in the protoscolex, its morphology is already similar to that
of the scolex of the developed adult, with no major
rearrangements produced during adult development. This
is probably related to the fact that the scolex, once
evaginated, must be fully functional to avoid being dis-
pelled from the host. However, the number of 5-HT-IR
cells in the scolex of adult E. granulosus is higher, and has
been described as fixed for each region (e.g., exactly five 5-
HT-IR cells have been described in the postero-lateral gan-
glia, 3 in the rostellar ring, etc. [17]). Therefore, assuming
that the nervous system of the adult of E. multilocularis is
identical to that of E. granulosus, new nerve cells must be
incorporated into the nervous system of the scolex during
adult development (as has been described for example for
peptidergic neurons of Hymenolepis diminuta [50]). The
final numbers of 5-HT-IR cells might become fixed in
adults as compared to the protoscolex, but there is little in-
formation about the constancy in the number and position
of individually identifiable neurons in flatworms in general
[26,40]. The general structure of the nervous system in the
scolex of Echinococcus is also remarkably similar to clas-
sical descriptions of the related Taenia spp. [38,51], al-
though the scolex in these species is at least one order of
magnitude larger. It is also worth mentioning the similar-
ities observed in the development of the scolex of Echino-
coccus spp. ([8]; this work) and that of Taenia spp. [52-54].
In both cases the rostellar bulb and prebulb are the first
signs of differentiation appearing on a thickened scolex
primordium in the brood capsule (Echinococcus) or bladder
wall (Taenia). Later, as the prebulb carrying the hooks
grows and engulfs the bulb, the primordia of the suckers
are formed.
The highly detailed description of the nervous system in
these larval stages is a necessary first step towards future
studies regarding the function of the nervous system, and
of particular neurotransmitters, neuropeptides and their
signal transduction systems in the biology and development
of E. multilocularis. Furthermore, the use of axenic in vitro
cultivation systems for E. multilocularis metacestodes [55]
provides the opportunity, for the first time, to study the
mechanisms behind the peculiar developmental processes
of these organisms, including their developmental plasticity,
unusual asexual multiplication by protoscolex formation,
and the continuous growth and exogenous budding of
metacestodes, all of which are based on the presence of a
totipotent population of stem cells (the so-called germina-
tive cells or neoblasts) [2,56-58]. Also in this case, a careful
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opment of the neuromuscular system described herein is
an essential first step.
Conclusions
E. multilocularis is an important human parasite and
a recently emerging model system to study host-
dependent parasite development in vitro [59]. We herein
provide the most detailed description to date of the
morphology of the nervous system of protoscoleces
throughout development. We found a remarkable com-
plexity of the protoscolex nervous system, comparable
to that observed in many adult cestodes. The data we
provide will be important for future studies on parasite
developmental plasticity and functional and evolutionary
analyses on cestodes in general, and taeniids in particu-
lar. Furthermore, we demonstrate for the first time that
the cystic metacestode stage, which grows tumor-like
within the intermediate host, contains a nerve net with
peptidergic elements. Although the function of this
nerve net cannot yet be clearly determined, we suggest
that it could act as a neurendocrine system that regu-
lates parasite development within the host. As such, it
could be a potential target for the development of novel
anti-parasitics. Using the information provided by our
study, and the recently determined E. multilocularis gen-
ome sequence [42], we are currently characterizing parasite
neuropeptides that are expressed in the metacestode in
order to determine their function in parasite physiology.
Materials and Methods
Parasite culture and fixation
Parasite isolates were maintained by serial intraperitoneal
passage in Meriones unguiculatus as previously described
[55]. Isolates were originally obtained from accidental in-
fections of Old World Monkeys in a breeding exclosure
[60], and had been passaged at the time of this study for
between six months and four years. All experiments were
carried out in accordance with European and German reg-
ulations on the protection of animals (Tierschutzgesetz).
In vitro co-culture of parasite vesicles with rat Reuber
hepatoma cells was performed as previously described [55].
Protoscoleces were isolated from in vivo parasite material
and either activated by successive treatments with pepsin
at low pH and taurocholate [61] , or alternatively set into
culture in DMEM (Gibco) plus 10% fetal calf serum
(Biochrom) for 12 hours, that also resulted in significant
scolex evagination. Parasite vesicles obtained in vitro [55]
were gently opened using a syringe tip in order to
allow the entry of the fixative and other reagents during
immunohistofluorescence. The material analyzed from
in vivo cultures consisted of small pieces of metacetode tis-
sue surrounded by host liver tissue. All samples for IHF
were fixed in 4% paraformaldehyde (PFA) buffered inphosphate buffer saline (PBS), for 1 to 4 hours at room
temperature.
Antibodies
We used a suite of antibodies typically employed for the
description of the nervous system in diverse invertebrates:
1) Anti-acetylated tubulin-α (AcTub), mouse
monoclonal antibody (Santa Cruz, clone 6-11B-1;
diluted 1:100; [62]). Tubulin-α acetylation is a post-
translational modification that occurs in highly stable
microtubuli, mainly occurring in the neuronal
cytoskeleton (neurotubuli) and in cilia and flagella.
Because it is able in principle to label all nerve cells
independently of their neurotransmitter, AcTub
immunoreactivity (IR) has been used to describe in
detail the complete nervous system of numerous
invertebrates, including free living flatworms and
onchospheres [40-42,59,63-65]. Furthermore, it has
been used to study the development of the nervous
system in both vertebrates and invertebrates, since
many pioneer axons show AcTub-IR [40-43,66].
2) Anti-FMRFamide (FMRFa), rabbit polyclonal
antibody (Immunostar, diluted 1:300). Antibodies
against the neuropeptide FMRFa have also been used
extensively for the characterization of invertebrate
nervous systems. It is acknowledged that anti-FMRFa
antibodies, and in particular the one used in this and
other studies, can recognize most neuropeptides
containing a C-terminal RFamide motif [21,64,67,68].
3) Anti-RYamide (RYa; 1:250 dilution) and Anti-
FVamide (FVa; 1:125 dilution), rabbit polyclonal
antibodies, kindly provided by Markus Conzelmann
(Max Planck Institute for Developmental Biology,
Tübingen, Germany). These antibodies recognize small
amidated dipeptide motifs frequently found in
neuropeptides of invertebrates, and are highly specific
[69]. For instance, the anti-RYa antibody does not
cross- react with neuropeptides with an RFamide motif.
Anti-FLamide was also used but no IR was found in
E. multilocularis (data not shown).
4) Anti-5-HT, rabbit polyclonal antibody (Immunostar,
diluted 1:300). Antibodies against 5-HT have been
extensively used to characterize the serotoninergic
components of the nervous system in invertebrates in
general and flatworms in particular (see for example
[17,18,22,64]).
Immunohistofluorescence in whole-mounts (WMIHF) and
in cryosections
We followed the WMIHF protocols described by Collins
et al. [70] for Schistosoma mansoni, with some modifica-
tions. After fixation, samples were washed three times for
10 min with PBS with 0.3% Triton X-100 (PBS-T). After
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incubation in PBS with 1% sodium dodecyl sulfate (SDS)
for metacestode vesicles or B) a 5 min treatment with pro-
teinase K (Fermentas, 2 μg/ml in PBS-T plus 0.5% SDS),
followed by re-fixation with 4% PFA buffered in PBS for
10 min at room temperature (proteinase K treatment was
essential for protoscolex WMIHF). After permeabilization,
samples were washed three more times with PBS-T and
blocked for 2 h in PBS-T with 3% bovine seralbumin
(BSA, Sigma-Aldrich) and 5% normal sheep serum
(Sigma-Aldrich). Incubation with the primary antibody, di-
luted in PBS-T with 3% BSA, was carried overnight at 4°C.
Then, samples were washed five times for 30 min with
PBS-T, and incubated overnight with the FITC conjugated
secondary antibody (donkey anti-mouse or donkey anti-
rabbit as required, Jackson Immunoresearch) at 4°C. Fi-
nally the samples were washed five times for 30 min with
PBS-T, and co-stained with 4',6-diamidino-2-phenylindole
(DAPI) and TRITC-conjugated Phalloidin (Sigma-Aldrich)
as previously described [71]. Negative controls lacking the
primary antibody were performed, which showed no sig-
nal. Cryosections were prepared as previously described
[57], and processed for IHF with a similar protocol, except
that no detergent was added to PBS for the washes,
permeabilization was achieved using 0.1% Triton X-100 in
PBS, and all incubation times were reduced. Samples were
analyzed by confocal microscopy (Leica TCS SP5) and by
epifluorescence microscopy (Zeiss Axio Imager.Z1).
Acetylcholinesterase Histochemistry (AChE HC)
AChE HC was carried out as described by the direct
method of Karnovsky and Roots [72].
Transmission electron microscopy
Metacestode vesicles obtained after 3 months of in vitro
culture of the GH09 isolate (containing brood capsules)
were fixed, processed and analyzed by TEM, essentially as
previously described [73].Additional files
Additional file 1: Unusual flame cell in the germinal layer of
Echinococcus multilocularis. Confocal microscopy, section of in vivo
cultured material. The bar represents 10 μm.
Additional file 2: AChE histochemistry in Echinococcus
multilocularis. A. Double labeling of AChE HC and AcTub-IR; note the
single AChE HC positive cell without any projections (asterisk), and
negative to AcTub-IR. AcTub-IR cell bodies are indicated by arrows. The
bar represents 50 μm. B. AChE HC reaction in the nervous system of the
protoscolex.
Additional file 3: Transmission electron microscopy of the germinal
layer of Echinococcus multilocularis. Nerve projections
(A, B, C, arrows) and a putative nerve cell body (C, asterisk) are
highlighted in red. Abbreviations: mc, mitochondria; nu, nucleus; tu,
microtubules; ve, vesicles. Bars represent 1 μm.Additional file 4: Early brood capsule. Serial confocal sections of an
early developing brood capsule from in vivo cultured material of
Echinococcus multilocularis stained for AcTub-IR (green), Phalloidin (red)
and DAPI (blue).
Additional file 5: Stalked brood capsule. Serial confocal sections of a
brood capsule with a stalk from in vivo cultured material of Echinococcus
multilocularis stained for Phalloidin (red) and DAPI (blue).
Additional file 6: Brood capsule with developing protoscolex. Serial
confocal sections of a brood capsule with a protoscolex bud in a whole-
mount in vitro cultured cyst of Echinococcus multilocularis, stained for
AcTub-IR (green), Phalloidin (red) and DAPI (blue).
Additional file 7: AcTub-IR in the protoscolex of Echinococcus
multilocularis. Serial confocal sections of a whole-mount specimen.
Additional file 8: FMRFa-IR in the protoscolex of Echinococcus
multilocularis. Serial confocal sections of a whole-mount specimen
stained for FMRFa-IR (green), Phalloidin (red) and DAPI (blue).
Additional file 9: FVa-IR and RYa-IR in the protoscolex of
Echinococcus multilocularis. A. Developing protoscolex, FVa-IR (whole-
mount). B. Transverse section of the scolex, FVa-IR. C. Mature protoscolex,
RYa-IR (whole-mount). D. Section of developing protoscolex, RYa-IR.
Abbreviations are as in Figures 4 and 6, and cns, central nervous system;
px, subtegumental plexus. Bars represent 50 μm in A, C and D, and
25 μm in B.
Additional file 10: Subtegumental muscle fibers in a stage 1
protoscolex bud of Echinococcus multilocularis. Serial confocal
sections of a whole-mount protoscolex bud partially surrounded by the
remains of the brood capsule, stained with Phalloidin.
Additional file 11: 5-HT-IR in a stage 2 developing protoscolex of
Echinococcus multilocularis. Serial confocal sections of a whole-mount
specimen stained for 5-HT-IR (green) and Phalloidin (red).
Additional file 12: Muscle and nervous systems in Taenia crassiceps
bladder tissue cultured in vitro. This is a laboratory strain passaged in M.
unguiculatus. It multiplies by budding but is unable to produce scoleces,
generating only bladder tissue. Samples were processed identically to the E.
multilocularis cysts. A. Phalloidin staining; note the longitudinal and circular
muscle fibers (whole-mount). B. AcTub-IR in the subtegumental layer; inset
shows the flame cells in detail (whole-mount). C. FMRFa-IR in the
subtegumental layer (whole-mount). D. AChE HC (section). Bars represent
200 μm in A, 50 μm in B and C, 20 μm in the inset in B.
Additional file 13: Comparison of the description of the
protoscolex nervous system in this and in previous investigations.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
UK carried out or participated in all experiments. UK and KB designed the
study and drafted the manuscript. GK designed and interpreted the results
of TEM studies. All authors read and approved the final manuscript.
Acknowledgments
This work was supported by grants from the Deutsche
Forschungsgemeinschaft (DFG; BR 2045/4-1) and the Wellhöfer Foundation
(all to KB). UK was supported by a grant of the German Excellence Initiative to
the Graduate School of Life Sciences, University of Würzburg. The authors
wish to thank Monika Bergmann and Dirk Radloff for excellent technical
assistance, and Hilde Merkert, of the Institute for Molecular Infection Biology,
Würzburg, for her assistance with confocal microscopy. This publication was
funded by the German Research Foundation (DFG) and the University of
Würzburg in the funding programme Open Access Publishing.
Author details
1University of Würzburg, Institute of Hygiene and Microbiology,
Josef-Schneider-Strasse 2, D-97080, Würzburg, Germany. 2Department of
Electron Microscopy, University of Würzburg, Biocenter D-97078, Würzburg,
Germany. 3Universidad de la República, Facultad de Ciencias, Sección
Bioquímica y Biología Molecular, Iguá 4225, CP 11400, Montevideo, Uruguay.
Koziol et al. Frontiers in Zoology 2013, 10:24 Page 16 of 17
http://www.frontiersinzoology.com/content/10/1/24Received: 5 March 2013 Accepted: 30 April 2013
Published: 4 May 2013
References
1. Eckert J, Deplazes P: Biological, epidemiological, and clinical aspects of
echinococcosis, a zoonosis of increasing concern. Clin Microbiol Rev 2004,
17:107–135.
2. Sakamoto T, Sugimura M: Studies on echinococcosis XXIII. Electron
microscopical observations on histogenesis of larval Echinococcus
multilocularis. Jap J Vet Res 1970, 18:131–144.
3. Sakamoto H, Sugimura M: Studies on Echinococcosis XXI. Electron
Microscopical Observations on General Structure of Larval Tissue of
Multilocular Echinococcus. Jpn J Vet Res 1969, 17:67–80.
4. Lascano EF, Coltorti EA, Varela-Diaz VM: Fine structure of the germinal
membrane of Echinococcus granulosus cysts. J Parasitol 1975, 61:853–860.
5. Morseth DJ: Fine structure of the hydatid cyst and protoscolex of
Echinococcus granulosus. J Parasitol 1967, 53:312–325.
6. Thompson RC: The development of brood capsules and protoscolices in
secondary hydatid cysts of Echinococcus granulosus. A histological study.
Z Parasitenkd 1976, 51:31–36.
7. Leducq R, Gabrion C: Developmental changes of Echinococcus
multilocularis metacestodes revealed by tegumental ultrastructure and
lectin-binding sites. Parasitology 1992, 104(Pt 1):129–141.
8. Goldschmidt R: Zur Entwicklungsgeschichte der Echinococcusköpfchen.
Zool Jahrb 1900, 13:28.
9. Mankau SK: Studies on Echinococcus alveolaris (Klemm, 1883), from St.
Lawrence Island, Alaska. III. The histopathology caused by the infection
of E. alveolaris in white mice. Am J Trop Med Hyg 1956, 5:872–880.
10. Rausch R: Studies on the helminth fauna of Alaska. XX. The histogenesis
of the alveolar larva of Echinococcus species. J Infect Dis 1954, 94:178–186.
11. Slais J: Functional morphology of cestode larvae. Adv Parasitol 1973,
11:395–480.
12. Hoberg EP, Jones A, Rausch RL, Eom KS, Gardner SL: A phylogenetic
hypothesis for species of the genus Taenia (Eucestoda : Taeniidae).
J Parasitol 2000, 86:89–98.
13. Loos-Frank B: An up-date of Verster's (1969) 'Taxonomic revision of the
genus Taenia Linnaeus' (Cestoda) in table format. Syst Parasitol 2000,
45:155–183.
14. Moore J, Brooks DR: Asexual Reproduction in Cestodes (Cyclophyllidea:
Taeniidae): Ecological and Phylogenetic Influences. Evolution 1987,
41:882–891.
15. Swiderski Z, Miquel J, Mlocicki D, Georgiev BB, Eira C, Grytner-Ziecina B,
Feliu C: Post-embryonic development and ultrastructural characteristics
of the polycephalic larva of Taenia parva Baer, 1926 (Cyclophyllidea,
Taeniidae). Acta Parasitol 2007, 52:31–50.
16. Shield JM: Dipylidium caninum, Echinococcus granulosus and Hydatigera
taeniaeformis: histochemical identification of cholinesterases. Exp
Parasitol 1969, 25:217–231.
17. Brownlee DJ, Fairweather I, Johnston CF, Rogan MT: Immunocytochemical
localization of serotonin (5-HT) in the nervous system of the hydatid
organism, Echinococcus granulosus (Cestoda, Cyclophyllidea).
Parasitology 1994, 109(Pt 2):233–241.
18. Fairweather I, McMullan MT, Johnston CF, Rogan MT, Hanna RE:
Serotoninergic and peptidergic nerve elements in the protoscolex of
Echinococcus granulosus (Cestoda, Cyclophyllidea). Parasitol Res 1994,
80:649–656.
19. Wahlberg MH: The distribution of F-actin during the development of
Diphyllobothrium dendriticum (Cestoda). Cell Tissue Res 1998, 291:561–570.
20. Valverde-Islas LE, Arrangoiz E, Vega E, Robert L, Villanueva R,
Reynoso-Ducoing O, Willms K, Zepeda-Rodriguez A, Fortoul TI, Ambrosio JR:
Visualization and 3D reconstruction of flame cells of Taenia solium
(cestoda). PLoS One 2011, 6:e14754.
21. Hartenstein V, Jones M: The embryonic development of the bodywall and
nervous system of the cestode flatworm Hymenolepis diminuta. Cell Tissue
Res 2003, 311:427–435.
22. Maule AG, Marks NJ, Day TA: Signalling Molecules and Nerve–Muscle Function. In
Parasitic Flatworms Molecular Biology, Biochemistry, Immunology and Physiology.
Edited by Maule AG, Marks NJ. Oxfordshire: CABI Publishing; 2006.
23. Coutelen F, Biguet J, Doby JM, Deblock S: Le systéme musculaire du
scolex echinococcique. Mécanismes de dévagination et d´invagination
du rostre et des ventouses. Ann Parasitol Hum Comp 1952, 27:86–104.24. Galindo M, Schadebrodt G, Galanti N: Echinococcus granulosus: cellular
territories and morphological regions in mature protoscoleces. Exp
Parasitol 2008, 119:524–533.
25. Thompson RC, Dunsmore JD, Hayton AR: Echinococcus granulosus:
secretory activity of the rostellum of the adult cestode in situ in the dog.
Exp Parasitol 1979, 48:144–163.
26. Halton DW, Gustafsson MKS: Functional morphology of the Platyhelminth
Nervous System. Parasitology 1996, 113:547–572.
27. Reuter M, Mäntylä K, Gustafsson MKS: Organization of the orthogon –
main and minor nerve cords. Hydrobiologia 1998, 383:175–182.
28. Morseth DJ: Observations on the fine structure of the nervous system of
Echinococcus granulosus. J Parasitol 1967, 53:492–500.
29. Galindo M, Paredes R, Marchant C, Mino V, Galanti N: Regionalization
of DNA and protein synthesis in developing stages of the parasitic
platyhelminth Echinococcus granulosus. J Cell Biochem 2003,
90:294–303.
30. Ribeiro P, El-Shehabi F, Patocka N: Classical transmitters and their
receptors in flatworms. Parasitology 2005, 131(Suppl):S19–40.
31. Halton DW, Maule AG: Flatworm nerve–muscle: structural and functional
analysis. Can J Zool 2003, 82:316–333.
32. Reuter M, Gustafsson M: Neuronal signal substances in asexual
multiplication and development in flatworms. Cell Mol Neurobiol 1996,
16:591–616.
33. Rossi L, Iacopetti P, Salvetti A: Stem cells and neural signalling: the case of
neoblast recruitment and plasticity in low dose X-ray treated planarians.
Int J Dev Biol 2012, 56:135–142.
34. Takashima S, Gold D, Hartenstein V: Stem cells and lineages of the
intestine: a developmental and evolutionary perspective. Dev Genes Evol
2012, 223:85–102.
35. Powell DW, Mifflin RC, Valentich JD, Crowe SE, Saada JI, West AB:
Myofibroblasts. I. Paracrine cells important in health and disease. Am J
Physiol 1999, 277:C1–9.
36. Mousley A, Maule AG, Halton DW, Marks NJ: Inter-phyla studies on
neuropeptides: the potential for broad-spectrum anthelmintic and/or
endectocide discovery. Parasitology 2005, 131(Suppl):S143–167.
37. Fairweather I, Campbell AEA, Skuce PJ, Johnston CF, Shaw C:
Development of the peptidergic nervous system during ontogeny of
the cysticercus larva of the tapeworm Taenia crassiceps. Regul Pept
1991, 35:235.
38. Vasantha S, Kumar BV, Roopashree SD, Das S, Shankar SK:
Neuroanatomy of Cysticercus cellulosae (Cestoda) as revealed by
acetylcholinesterase and nonspecific esterase histochemistry.
Parasitol Res 1992, 78:581–586.
39. Tsai IJ, Zarowiecki M, Holroyd N, Garciarrubio A, Sanchez-Flores A,
Brooks KL, Tracey A, Bobes RJ, Fragoso G, Sciutto E, et al: The genomes of
four tapeworm species reveal adaptations to parasitism. Nature 2013,
496:57–63.
40. Younossi-Hartenstein A, Ehlers U, Hartenstein V: Embryonic Development
of the Nervous System of the Rhabdocoel Flatworm Mesostoma lingua
(Abildgaard, 1789). J Comp Neurol 2000, 416:461–474.
41. Younossi-Hartenstein A, Hartenstein V: The embryonic development
of the polyclad flatworm Imogine mcgrathi. Dev Genes Evol 2000,
210:383–398.
42. Younossi-Hartenstein A, Jones M, Hartenstein V: Embryonic development
of the nervous system of the temnocephalid flatworm Craspedella
pedum. J Comp Neurol 2001, 434:56–68.
43. Jellies J, Kopp DM, Johansen KM, Johansen J: Initial Formation and
Secondary Condensation of Nerve Pathways in the Medicinal Leech.
J Comp Neurol 1996, 373:1–10.
44. Voronezhskaya EE, Elekes K: Transient and sustained expression of
FMRFamide-like immunoreactivity in the developing nervous system
of Lymnaea stagnalis (Mollusca, Pulmonata). Cell Mol Neurobiol 1996,
16:661–676.
45. Dickinson AJ, Croll RP, Voronezhskaya EE: Development of embryonic cells
containing serotonin, catecholamines, and FMRFamide-related peptides
in Aplysia californica. Biol Bull 2000, 199:305–315.
46. Franchini A: The distribution of cells containing FMRFamide- and 5-HT
-related molecules in the embryonic development of Viviparus ater
(Mollusca, Gastropoda). Eur J Histochem 2005, 49:301–308.
47. Daubert EA, Condron BG: Serotonin: a regulator of neuronal morphology
and circuitry. Trends Neurosci 2010, 33:424–434.
Koziol et al. Frontiers in Zoology 2013, 10:24 Page 17 of 17
http://www.frontiersinzoology.com/content/10/1/2448. Cameron HA, Hazel TG, McKay RD: Regulation of neurogenesis by growth
factors and neurotransmitters. J Neurobiol 1998, 36:287–306.
49. Nguyen L, Rigo JM, Rocher V, Belachew S, Malgrange B, Rogister B, Leprince
P, Moonen G: Neurotransmitters as early signals for central nervous
system development. Cell Tissue Res 2001, 305:187–202.
50. Fairweather I, Macartney GA, Johnston CF, Halton DW, Buchnan KD:
Immunocytochemical demonstration of 5-hydroxytryptamine (serotonin)
and vertebrate neuropeptides in the nervous system of excysted
cysticercoid larvae of the rat tapeworm, Hymenolepis diminuta (Cestoda,
Cyclophyllidea). Parasitol Res 1988, 74:371–379.
51. Cohn L: Untersuchungen über das centrale Nervensystem der Cestoden.
Zool Jahrb 1899, 12:89–160.
52. Mount PM: Histogenesis of the rostellar hooks of Taenia crassiceps
(Zeder, 1800) (Cestoda). J Parasitol 1970, 56:947–961.
53. Shield JM, Heath DD, Smyth JD: Light microscope studies of the early
development of Taenia pisiformis cysticerci. Int J Parasitol 1973, 3:471–480.
54. Crusz H: The early development of the rostellum of Cysticercus fasciolaris
Rud., and the chemical nature of its hooks. J Parasitol 1947, 33:87–98.
55. Spiliotis M, Brehm K: Axenic in vitro cultivation of Echinococcus
multilocularis metacestode vesicles and the generation of primary cell
cultures. Meth Mol Biol 2009, 470:245–262.
56. Brehm K: Echinococcus multilocularis as an experimental model in stem
cell research and molecular host-parasite interaction. Parasitology 2010,
137:537–555.
57. Koziol U, Dominguez MF, Marin M, Kun A, Castillo E: Stem cell proliferation
during in vitro development of the model cestode Mesocestoides corti
from larva to adult worm. Front Zool 2010, 7:22.
58. Reuter M, Kreshchenko N: Flatworm asexual multiplication implicates
stem cells and regeneration. Can J Zool 2004, 82:334–356.
59. Muller MC, Westheide W: Structure of the nervous system of Myzostoma
cirriferum (Annelida) as revealed by immunohistochemistry and cLSM
analyses. J Morphol 2000, 245:87–98.
60. Tappe D, Brehm K, Frosch M, Blankenburg A, Schrod A, Kaup FJ, Matz-
Rensing K: Echinococcus multilocularis infection of several Old World
monkey species in a breeding enclosure. Am J Trop Med Hyg 2007,
77:504–506.
61. Gelmedin V, Spiliotis M, Brehm K: Molecular characterisation of MEK1/2-
and MKK3/6-like mitogen-activated protein kinase kinases (MAPKK) from
the fox tapeworm Echinococcus multilocularis. Int J Parasitol 2010,
40:555–567.
62. Piperno G, Fuller MT: Monoclonal antibodies specific for an acetylated
form of alpha-tubulin recognize the antigen in cilia and flagella from a
variety of organisms. J Cell Biol 1985, 101:2085–2094.
63. Persson DK, Halberg KA, Jorgensen A, Mobjerg N, Kristensen RM:
Neuroanatomy of Halobiotus crispae (Eutardigrada: Hypsibiidae):
Tardigrade brain structure supports the clade Panarthropoda. J Morphol
2012, 273:1227–1245.
64. Orrhage L, Müller CM: Morphology of the nervous system of Polychaeta
(Annelida). Hydrobiologia 2005, 535/536:79–111.
65. Siddiqui SS, Aamodt E, Rastinejad F, Culotti J: Anti-tubulin monoclonal
antibodies that bind to specific neurons in Caenorhabditis elegans.
J Neurosci 1989, 9:2963–2972.
66. Chitnis AB, Kuwada JY: Axonogenesis in the brain of zebrafish embryos.
J Neurosci 1990, 10:1892–1905.
67. Brennan GP, Halton DW, Maule AG, Shaw C: Electron immunogold labeling
of regulatory peptide immunoreactivity in the nervous system of Moniezia
expansa (Cestoda: Cyclophyllidea). Parasitol Res 1993, 79:409–415.
68. Harzsch S, Muller CH: A new look at the ventral nerve centre of Sagitta:
implications for the phylogenetic position of Chaetognatha (arrow
worms) and the evolution of the bilaterian nervous system. Front Zool
2007, 4:14.
69. Conzelmann M, Jekely G: Antibodies against conserved amidated
neuropeptide epitopes enrich the comparative neurobiology toolbox.
Evodevo 2012, 3:23.
70. Collins JJ 3rd, King RS, Cogswell A, Williams DL, Newmark PA: An atlas for
Schistosoma mansoni organs and life-cycle stages using cell type-specific
markers and confocal microscopy. PLoS Negl Trop Dis 2011, 5:e1009.
71. Koziol U, Costabile A, Dominguez MF, Iriarte A, Alvite G, Kun A, Castillo E:
Developmental expression of high molecular weight tropomyosin
isoforms in Mesocestoides corti. Mol Biochem Parasitol 2011, 175:181–191.72. Karnovsky MJ, Roots L: A "Direct-Coloring" Thiocholine Method for
Cholinesterases. J Histochem Cytochem 1964, 12:219–221.
73. Spiliotis M, Lechner S, Tappe D, Scheller C, Krohne G, Brehm K: Transient
transfection of Echinococcus multilocularis primary cells and complete
in vitro regeneration of metacestode vesicles. Int J Parasitol 2008,
38:1025–1039.
doi:10.1186/1742-9994-10-24
Cite this article as: Koziol et al.: Anatomy and development of the larval
nervous system in Echinococcus multilocularis. Frontiers in Zoology 2013
10:24.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
